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Abstract
The adoption of a Pressure Swing Adsorption (PSA) process emerged as a promising method for CO2 capture in pre-combustion 
application. This paper aims to analyse PSA potentials in this framework and to point out the advancements necessary in order to 
become competitive with other more mature techniques, absorption in the first instance. The methodology for integrating a PSA 
unit into an Integrated Gasification Combined Cycle (IGCC) is presented and the resulting plant has been modelled and 
simulated. Different process configurations have been tested. The attained performance suggests that the optimum operating 
configuration is depending on the specific requirements of the system, either prioritising the separation efficiency, the energy 
efficiency or the footprint of the plant. An analysis of the adsorbent material leads to similar considerations. Simulations of the 
adsorbent with targeted properties modifications demonstrate that there is room to attain performance improvements thanks to 
advancements in material science. Neither by investigating the process nor the material it was possible to completely fill the gap 
with the benchmark absorption process. Approaching an energy efficiency of 37%, to be competitive with absorption, could be 
obtained only accepting CO2 recoveries significantly lower than 90%. Conversely higher CO2 recoveries would hinder PSA 
efficiency on an energy point of view. However, the analyses provide some guidelines on the most feasible directions where to 
address further investigations.
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1. Introduction
Fossil-fuel-burning power plants are the largest source of anthropogenic greenhouse-gas emissions [1]. In 
particular, coal is predicted to keep on playing a major role in the future world energy outlook, because it is a cheap 
and abundant resource [2]. In this scenario the availability of Carbon dioxide Capture and Storage (CCS) appears to 
be a necessary tool in the portfolio of options for reducing greenhouse gas emissions while allowing coal to meet a 
significant share of world’s energy demand. Different techniques can be applied for separating CO2 from other 
gaseous products. Among those, Pressure Swing Adsorption (PSA) appears as a promising alternative. Some studies 
showed that PSA has the potential to become competitive with the benchmark solvent-based capture systems when 
dealing with pre-combustion applications [3, 4]. The objective of the current work is to assess this possibility by 
providing a thorough analysis on the performance achievable by an Integrated Gasification Combined Cycle (IGCC) 
plant integrated with a PSA process. In an IGCC plant the coal is first converted into a syngas, mainly composed by 
H2 and CO. The syngas, after clean-up and possibly CO2 capture, is fed to the power island where a combined cycle 
produces power. A full-plant model is used to investigate the potentials of such approach, allowing an evaluation of 
the impact of a process modification throughout the entire system. Similar previous studies focused only on the 
separation unit, thereby determining the optimum operating conditions for that single unit [5, 6]. However, this way 
of proceeding may turn out to be inadequate, especially for highly integrated systems as the one under investigation. 
The composite model includes the gasification and gas treatment section, the power station, and the CO2
compression unit modelled in Thermoflex (Thermoflow Inc.) [7]. Additionally a model of the PSA unit was 
developed in gPROMS (Process System Enterprise) [8] and was put into communication with the other model 
through an Excel interface. A plant level comparison was then possible to be carried out, allowing an evaluation of 
the IGCC-PSA plant competitiveness with regard to an IGCC-Selexol plant, considered to be the benchmark in this 
framework. The performance of each plant is evaluated through different performance parameters so to obtain a 
comprehensive picture. The net electrical efficiency has been considered as a main indicator, but also the amounts of 
CO2 captured and avoided, the H2 recovery, and the footprint of the additional separation unit have been included as 
outputs of the analysis. Two main domains were taken into consideration in order to study the performance 
attainable by the IGCC-PSA plant. In the first instance, the process configuration is assessed. The full-plant model is 
used to investigate the possibilities of process integration, to fully understand the influence of different process 
parameters and to define the optimum operating configuration. Following that, a systematic analysis on the 
adsorbent material is presented. The objective was to attain a good understanding of the impact of different 
adsorbent properties on the CO2 separation performance and, consequently, on the plant performance. The 
acquisition of such knowledge makes it possible to provide guidelines for future material development.
2. Model of the IGCC plant integrating a PSA process
In the IGCC plant studied, the coal is converted to syngas into an entrained flow dry-fed gasifier with convective 
gas cooler. The syngas decarbonization takes place downstream the gasification process and upstream the power 
cycle. Absorption as a CO2 capture technology is well established and physical solvents are usually adopted. A 
detailed description of state-of-the-art IGCC plant layouts, without CO2 capture or implementing a Selexol 
absorption process for CO2 separation, can be found in the literature [9, 10]. This is not the case for an IGCC-PSA 
plant; therefore this section presents an analysis of the coupling principles between the various sub-units necessary 
to integrate a PSA unit and the resulting configuration. A common framework, based on the European 
Benchmarking Task Force (EBTF) indications [11], was used for all the cycles defined. The overall flow sheet of 
the IGCC-PSA plant and the characteristics of the main streams are shown in Figure 1. In the system defined the 
differences in the layout with regard to the reference case without CO2 capture start after the scrubbing process. A
sour Water Gas Shift (WGS) is used in order to convert to the largest possible extent CO and H2O to H2 and CO2.
This process is essential for the following CO2 separation, since it increases the CO2 partial pressure, facilitating its 
separation from the syngas. The steam necessary for reaching the correct steam to CO ratio (set to 1.9) is bled from 
the steam turbine at an intermediate pressure level. A COS hydrolysis process is also occurring in the WGS reactor. 
The syngas leaves the WGS unit at a relatively high temperature (235°C) and needs to be cooled down (47°C) to 
undergo the cold gas cleaning processes. A heat integration strategy, similar to that of an IGCC-Selexol plant, is 
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adopted.  The shifted syngas is sent to a first heat exchanger (HX1) where it heats up the H2-rich fuel gas going to 
the combustor of the gas turbine. This heat integration process allows preheating the H2-rich fuel gas up to 230°C 
without the aid of any steam extraction. The remaining cooling duty, necessary to further lower down the 
temperature of the syngas (HX2), is mainly obtained utilizing the water from the condenser as cooling medium. A 
large fraction of the water present in the syngas is removed as condensed phase during these cooling steps. This is 
fundamental for the following PSA process, since water competitively adsorbs on the solid bed when dealing with 
the common adsorbents. Given the high pressure RIWKHV\QJDV§ 40 bar) the water removal is particularly effective 
DQG WKH ILQDOFRQWHQWRIZDWHUHQWHULQJ WKH36$XQLW LV UDWKHU ORZ §YRO7KH+2S is removed through a 
Selexol-based process. The syngas is then ready to be fed to the PSA unit for CO2 separation. The functioning of the 
PSA unit is described later in this section. Two product gas streams leave the CO2 separation unit. A H2-rich fuel gas 
stream, which is preheated and sent to the gas turbine combustor. N2 coming from the Air Separation Unit (ASU) is 
also fed to the gas turbine combustor in order to dilute the H2. In fact, a high H2 fraction in the fuel means that the 
volumetric heating value is much lower than that of a common natural gas mixture. Issues related to flame speed and 
temperature increases in such case, making dilution with N2 necessary. As a rule-of-thumb, the amount of N2 has 
been calculated on the basis of the final Wobbe index of the fuel, maintaining it constant at the different operating 
configurations studied. The second product gas stream leaving from the PSA unit is the CO2-rich stream. It leaves 
the process at the set PSA regeneration pressure (1 bar in the base case) and is assumed to be compressed to 110 bar 
for transportation. The CO2 compression process has been integrated with a double flash separation process. The 
layout of the unit (including the characteristics of the main streams) is shown in Figure 2 and has been described 
elsewhere [12, 13]. The purpose of introducing a flash separation process is to further increase the purity of CO2 and 
the recovery of H2. This comes at the expense of higher compression power consumption since the CO2-rich gas 
stream is throttled in order to provide the required cooling duty. However, the additional H2 recovered is added to 
the H2-rich fuel gas fed to the gas turbine and this contribution is expected to balance out the increased compression 
power. An analysis of this issue demonstrated that this is the case for the whole range of operating conditions typical 
of PSA. Thereby, it can be concluded that the integration of a flash separation process is essential for obtaining 
competitive plant performances.
Figure 1. Process flowsheet of the IGCC plant integrating a PSA and CO2 compression unit with characteristics of the main streams.
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The IGGC-PSA plant model utilizes as inputs the information provided by the PSA process simulation. A 
dynamic model has been developed to describe the PSA unit. PSA is a cyclic process based on the ability of some 
solid adsorbents to attract and fix CO2 molecules on their surface. The regeneration of the adsorbent bed is occurring 
by means of pressure swing operation. The developed model is constituted by a proper set of equations which 
represents in a simplified manner the fundamental mass and energy transfer processes taking place into one vessel. 
PSA being a batch process, each vessel is undergoing a sequence of steps, necessary for efficiently carrying out the 
adsorption-desorption cycle. A series of vessels needs to work synchronized, in order to guarantee the operating 
continuity of the process. In simple terms, while some vessels are fed with the syngas and perform the CO2 uptake, 
others are in a regeneration mode. The number of steps and vessels depends on the configuration adopted. An 
example relative to a 7 bed – 12 step cycle is represented in Figure 3 and constitutes the base case for the different 
process configurations studied, unless explicitly stated differently. For a more detailed description of the PSA 
process model reference should be made to [4]. Activated carbon was selected as adsorbent and the relative 
Figure 3. PSA cycle configuration. The sequence of steps undergone by a single column is reported. 
The gas streams entering and leaving the system are also shown. The steps considered are: feed 
pressurization (FP), feed (F), depressurization (D), blowdown (BD), purge (Pu), pressurization (P), 
null (N).
Figure 2. Process flowsheet of the CO2 compression and flash separation unit with characteristics of the main streams.
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parameters  taken from the literature [14]. The composite model is solved by gPROMS (Process System Enterprise).
In addition to the IGCC-PSA plant, simulations in Thermoflex environment were carried out also for an IGCC 
integrated with a two-stage Selexol absorption process for CO2 capture and for an IGCC plant without CO2 capture. 
The objective was to provide an analysis framework for consistent comparisons of the results. In order to get a better 
picture of the state-of-the-art of pre-combustion CO2 capture some additional results taken from the available 
literature and still referring to physical absorption are reported. Table 1 shows some main outputs of all the cases 
proposed (the performance indicators used are defined in the end of this section). For the PSA case, it was taken as 
reference the case reported in [4].
Table 1. Performance of the reference cases selected for representing the pre-combustion scenario.
  No Capture [4] Absorption 1 [4] Absorption 2 [11] Absorption 3 [9] PSA [4]
CO΍ capture technology - Selexol Selexol Selexol PSA 
COЇ purity [%] - 100,0 % 98,2 % 99,0 % 98,9 %
CO΍ recovery [%] - 90,6 % 90,9 % 90,3 % 86,1 %
CO΍ capture efficiency [%] - 88,1 % 88,3 % 87,2 % 81,8 %
H΍ recovery [%] - 100,0 % 99,3 % 99,7 % 99,6 %
Net electrical efficiencyLHV [%] 47,3 % 37,1 % 36,7 % 36,0 % 36,2 %
Footprint COЇ sep. unit (m²) - 8 - - 239
It can be noted that PSA needs to fill a performance gap with regard to absorption. The following sections 
analyse two possible approaches attempting to investigate a performance enhancement of the IGCC-PSA plant: the 
way to implement the separation process and to integrate it with the rest of the plant (engineering), and the 
utilization of the most suitable adsorbent (material science) [15].
The performance of all the cases analysed is evaluated in terms of the following parameters:
x CO2 recovery: the amount of CO2 captured and compressed as a fraction of the total CO2 formed.
2
2
2
mass flow rate of CO  in the compressed product stream 
R
mass flow rate of CO  formedCO
 (1)
x Net electrical efficiency of the plant: the ratio between the net power output and the power input associated 
with coal.
Net electrical output
=
Net fuel inputel LHV
K (2)
Other performance indicators mentioned in the paper are:
x CO2 capture efficiency: the net reduction of CO2 emitted per unit of power output [16].
 
2 2
2
CO
2
 for the reference plant without CO  capture
=1 1
 for the plant implementing CO  capture
net
CO
net
R
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K
  (3)
x CO2 purity: the fraction of CO2 in the compressed gas stream leaving the compression unit. 
2CO 2
Y CO  volumetric concentration in the compressed product stream (4)
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x H2 recovery: the amount of H2 recovered and sent to the gas turbine as a fraction of the total H2 initially 
present in the syngas.
2
2
H
2 2
mass flow rate of H  entering the gas turbine as fuel
R
mass flow rate of H  entering the CO  separation unit
 (5)
The footprint numbers presented account for the sizes of the separation columns utilized by the CO2 capture 
methods. The aim is to give a rough estimation of the footprint of those units.
3. Process configuration analysis
An analysis was implemented for the described IGCC-PSA plant in order to evaluate the advancements attainable 
modifying the process and its key operating parameters. The objective was to pinpoint the most effective 
configuration of the plant and eventually determine the optimum performance. The base case selected was taken 
from a previous work. Hereafter some main characteristics are listed, while for a more complete description of the 
process the referenced work should be checked [4]:
x The PSA process is based on a 7 bed-12 step cycle (see Figure 3) with 4 Pressure Equalization (PEQ) steps 
and no heavy reflux step.
x Regeneration of the bed is carried out at 1 bar
x Nitrogen is used as fuel preparation gas for feeding the coal to the gasifier.
Accordingly, the alternative process configurations investigated are:
x Number of PEQ steps: the number of PEQ steps in the PSA cycle was decreased from 4 to 3. Whilst a 
reduced number of PEQ steps has a negative effect on the CO2 separation performance, it reduces the 
complexity of the system and is slightly beneficial for the energy performance. 
x Level of the regeneration pressure (Preg): the pressure at which the adsorption beds are regenerated was 
increased from 1 bar to 2 bar. Increasing the pressure at which the regeneration is implemented means on 
one hand to reduce the compression power required, on the other hand to decrease the effectiveness of the 
adsorbent bed regeneration process.
x Multi-pressure regeneration process: the regeneration process was implemented at two distinguished 
pressure levels (a first part of the regeneration at 4 bar and a second part at 1 bar). In this way, the 
desorption process efficiency is only marginally hindered by the initially higher regeneration pressure. At 
the same time, the power required to the compressor can be lowered down.
x Introduction of a heavy-reflux step: a fraction of the product gas stream, rich in CO2, is recycled to the 
column before the regeneration starts, in order to displace the inert gases in the bulk space of the bed and 
obtain a better CO2 purity from the PSA process. The CO2 recovery is expected to decrease.
x CO2 recirculation: CO2 at the right pressure is taken from the CO2 compression unit and sent to the coal 
feeding system to be used as fuel preparation gas instead of N2. The result is to increase the CO2 fraction in 
the syngas, which is beneficial for the separation process. The energy efficiency of the plant is penalized, 
due to increased compression power consumption caused by the significant amount of CO2 recirculated.
The proposed process configurations were set to fulfil some important constraints. In particular, the YCO2 had to be 
higher than 95% (with specifications on the maximum amount of each impurity [17]) and the feed to the PSA unit 
had to be continuous. The simulation outputs, in terms of RCO2 and Șel, are shown in Figure 4. For each configuration 
a number of cases is reported, corresponding to different Purge-to-Feed (P/F) mole flow rate ratios in the PSA 
process. In fact, even within the same process framework, increasing the purge mole flow rate within certain limits 
leads to a better RCO2. Conversely, the N2-rich purge gas will decrease the YCO2 (with effects also on the 
compression power consumption). In the same figure also the performances of the absorption-based plants are
reported. The analysis of the results suggests some remarks. For instance, it appears to be a trade-off between energy 
and separation performance when different process configurations are implemented. Utilizing 3 PEQ steps or 
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modifying the regeneration strategy (whether increasing Preg to 2 bar or utilizing a multi-pressure regeneration 
scheme) results in a small improvement in the energy efficiency and in a decrease of the CO2 recovery. The opposite 
effect is obtained by implementing CO2 recirculation. By means of process modifications, PSA plant may match 
DEVRUSWLRQUHVXOWVLIDVLQJOHSHUIRUPDQFHLQGLFDWRULVDVVHVVHG)RUH[DPSOHDFRPSHWLWLYHȘel can be achieved if a
RCO2 slightly higher than 80% is considered acceptable. The optimum process configuration is difficult to be defined 
as it depends on the performance indicator to privilege. However, the gap with regard to absorption can be reduced 
but not completely filled.
4. Adsorbent material analysis
A number of studies are currently dealing with materials with enhanced properties for tailored applications [18,
19]. In order to evaluate the potential positive effects coming along with advancements in the adsorbent materials, a 
sensitivity analysis was carried out on some meaningful material properties. The objective was to understand which 
of these properties are more influencing and how increased characteristics affect the overall plant performance. The 
basis for the analysis is an activated carbon [14]. Its equilibrium behaviour is described by a multi-site Langmuir 
model equation [20], one for each component present in the gas mixture:
ia* *NC
r,ii i
i i i i ,i
im,i m,i
Hq q
a k P 1   , with  k k exp
q q RTf
ª º§ · '§ ·
   « »¨ ¸ ¨ ¸¨ ¸« » © ¹© ¹¬ ¼
¦ (6)
The parameters utilized in the equation refer to: the equilibrium adsorbed concentration (q*, mol/kg), the 
maximum adsorption capacity (qm, mol/kg), the number of neighbouring sites occupied by adsorbate molecule (a), 
the adsorption equilibrium constant (k, Pa-1), the partial pressure (Pi, Pa), the adsorption equilibrium constant at 
infinite temperature (k, Pa
-1), the LVRVWHULFKHDWRIDGVRUSWLRQǻ+r, J/mol), the temperature (T, K), the universal gas 
constant (R, J/mol K).
The material analysis has been accomplished by varying some selected properties in fixed percentages (i.e., ± 
1%, 5%, 10%, 20%, 30%), while keeping constant all the other parameters involved in the PSA process. The 
properties taken into account for the analysis are:
x the maximum adsorption capacity qm, indicating the maximum amount of the specific component that can 
be adsorbed per kg of adsorbent.
x the adsorption equilibrium constant at infinite temperature k, necessary for calculating the adsorption 
equilibrium constant k.
Figure 4. Effect of different process configurations on the overall plant performance.
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x the LVRVWHULFKHDWRIDGVRUSWLRQǻ+r, measuring the strength of adsorption of the specific component to the 
adsorbent.
The sensitivity analysis was carried out as following. If the impact of the CO2 maximum adsorption capacity 
(qm,CO2) is to be analysed, the value of qm,CO2 is increased according to the mentioned percentages (i.e., the adsorbent 
can fix a larger quantity of CO2). All the other properties are kept constant. In this way the influence of qm,CO2 on the 
separation process is evaluated, as a variation in the performance can be ascribed only to the modified qm,CO2.
Similarly, when the maximum adsorption capacity of the other components than CO2 (qm,others) is considered, the 
correspondent values are diminished to the same extent (i.e., the adsorbent can fix a smaller quantity of all non-CO2
components). The value of qm,CO2 is instead restored to its old value. In this case the property values are reduced 
because a lower uptake of non-CO2 components results in a better selectivity towards CO2 and ultimately in
enhanced performance. Conversely, increasing the qm,others would result in a less efficient separation process. The 
same procedure has been repeated for the other adsorbent properties examined. 
A first analysis was carried out on the separation performance of the PSA process. All the modifications 
demonstrated to be beneficial, as it was expected. However, those related to increased CO2 properties tend to reach a 
maximum effect when their value is increased of about 10%; after that, the positive impact on the performance 
indicators tends to decrease and even to run out in some cases. This is most probably due to the effect of the 
property modification on the isotherm shape. The most promising cases were then extrapolated, in order to be 
utilized for a full-plant analysis for evaluating the effect on the whole plant. It was chosen to select one example for 
each type of property variation studied. The six cases proposed can be seen as six fictitious adsorbent materials with 
improved characteristics. The instances considered were:
x qm,CO2 +10%
x qm,others -30%
x k&2 +30%
x kRWKHUV -30%
x ǻ+r,CO2 +10%
x ǻ+r,others -30%
Figure 5 shows the attained outputs, in terms of RCO2 DQGȘel, for each case simulated. The base case chosen for 
the adsorbent material analysis is also reported. When the adsorbent material is defined – its properties are fixed –
different outputs can be obtained by modifying the PSA process (e.g., the P/F ratio). Thereby, for the unmodified 
adsorbent material, additional cases are reported, related to different P/F ratios. This is useful to clearly point out the 
improvements achieved with the enhancement of the material properties. The line obtained by connecting the 
78%
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Figure 5. Effect of adsorbent properties modifications on the overall plant performance.
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unmodified material performances is setting the benchmark for our analysis. Any point falling above that line can be 
seen as an actual performance improvement, regardless the process configuration influence. The performances of the
absorption-based plants are also reported to provide a more complete picture.
Figure 5 shows that targeted modifications of the material properties can lead to plant performance 
enhancements. The property which appears to display the strongest impact on the process is ǻ+r. Modifications 
aiming to reduce the adsorption characteristics of the material towards components other than CO2 (represented by 
diamond shapes in the figure) tend to be slightly more effective. This is an interesting remark, as most of the studies
focus instead on increased characteristics for the CO2 uptake. Generally speaking, material science can give a 
substantial contribution to close the gap with absorption. Singularly the separation or the energy levels can be 
already matched with the modifications proposed. For instance, this is the case of a modified adsorbed with a 
ǻ+r,others reduced of 30% compared to the reference activated carbon. It can be seen from the figure that, whilst the 
Șnet obtained is 36.2%, the RCO2 results lifted to 90.1%, in line with absorption. An additional case was then studied 
UHSUHVHQWHGE\WKHHPSW\GLDPRQGLQWKHILJXUH,WUHIHUVWRWKHVDPHGHILQHGDGVRUEHQWǻ+r,others -30%), where the 
P/F ratio has been decreased from the original value of 0.06 (common to all the other cases reported) to 0.007. The 
reduced amount of purge gas fed to the process caused a decrease in the RCO2 recovery attained. On the other hand, 
WKHȘel ZDVERRVWHG7KLVVHFRQGFDVHDFKLHYHVDȘnet of 36.7% which can be considered on the level of absorption 
(while RCO2 is reduced to 84.8%). It must be mentioned that this analysis covers only the adsorbents whose 
behaviour can be related to that of activated carbon. Newly developed materials with peculiar adsorption isotherms 
may perform differently [18].
5. Conclusions
Utilizing a PSA process to capture CO2 from syngas in an IGCC plant demonstrated to be a feasible option. The 
way of integrating the separation unit with the rest of the plant and the coupling principles between all the sub-units 
are discussed in the paper. The resulting plant configuration has been modelled in order to enable full-plant analyses 
of such system. Once some reference cases have been defined as basis for following comparisons, the potential of 
the IGCC-PSA arrangement has been investigated by taking into account two domains: the process engineering and 
the material science. 
Regarding the process, different configurations have been proposed and simulated. Whilst some of them had a 
negligible impact, others showed the capacity to provide an enhancement in the plant performance. Most of the time
an increase of a performance indicator corresponded to a decrease of another. The optimum configuration is, thus, 
difficult to be established in absolute terms. As an example, a competitive net electrical efficiency can be obtained 
(on the same level as the absorption-based counterpart) if the CO2 recovery target is reduced from the original 90% 
down to about 80%. 
The adsorbent material analysis was carried out by varying some material properties in a targeted manner. The 
objective was to point out which are the most influential properties, to provide with some useful indications for 
future material development and to evaluate the performance improvements attainable. Some properties 
demonstrated to have a stronger impact than others on the plant performance (i.e., ǻ+r). It was also shown the 
importance of decreasing the adsorbent selectivity to all impurities present in the gas mixture. As a general remark, 
substantial benefits to the overall plant performance have been attained through material properties modifications, 
although not sufficient to claim that advancements in the material science alone can level off the gap with 
absorption.
Summarizing, better performance of the IGCC-PSA system can be obtained either by modifying the process or 
the adsorbent material. The analysis carried out improved the understanding of the system under investigation, 
enabling a correct evaluation of the available options for boosting the plant performance according to specific 
requirements. Nevertheless, within the framework analysed, absorption displays an advantage when considering all 
the performance indicators evaluated. To complete the picture, a synergy of the discussed modifications (process 
and material) should be studied. The development of material tailored on a specific process configuration is believed 
to be crucial for enhancing PSA competitiveness. Such prospect, together with the possibility of integrating PSA 
with the shift process (a technology called Sorption Enhanced Water Gas Shift [21]) and with the potential 
utilization of PSA to co-produce ultrapure H2, is justifying further interest on the PSA technology.
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